Neurotrophic factors play an important role in the development and maintenance of neurons, thus providing a suitable therapeutic approach for the treatment of neurodegenerative diseases. However, their clinical use has revealed problematic because of a number of technical and biological disadvantages. Among the different strategies proposed to overcome such difficulties, the search for non-peptide substances with neurotrophic potential is giving promising results. Here we will expose major findings in this field, drawing special attention to cyclohexenonic long-chain fatty alcohols, a novel family of compounds that promote neuronal survival and neurite outgrowth.
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Introduction
Since the discovery of the nerve growth factor (NGF) in the 50's [1] , numerous neurotrophic factors (NFs) have been proven to play a crucial role in the survival and differentiation of discrete neuronal populations. The origin of these naturally occurring factors is diverse, including the neurotrophin, fibroblast growth factor, epidermal growth factor, insulin-like growth factor and transforming growth factor β families, cytokines, proteases, and protease inhibitors [2] . The fact that such substances are able to restrain neuronal loss has generated over the past several years a great interest in their therapeutic potential for the treatment of neurodegenerative diseases. However, the clinical use is at present restricted because of a number of technical and biological disadvantages. In this respect, the production of synthetic compounds that mimic the biological actions of natural NFs represents an attractive approach to bypass these difficulties. In this review, we will outline the limitations of NF therapies, and the effects of various non-peptide NF analogues. Specifically, we will focus on the chemistry and biological activity of cyclohexenonic long-chain fatty alcohols, a new family of compounds generated in our laboratory.
Neurotrophic compounds as therapeutic agents for neurodegenerative diseases

Natural neurotrophic factors
As mentioned above, the ability of naturally occurring NFs to promote the survival and development of neurons provides strong evidence for their therapeutic utilisation. Thus, an increasing number of preclinical and clinical studies have concerned the application of different NFs to the treatment of neurodegenerative disorders. In some cases, clinical trials have been conducted with variable success (Table 1 ). The main obstacle for using natural NFs as therapeutic agents resides in their chemical structure. They are hydrophilic, high-molecular weight proteins that can be rapidly degraded by endogenous peptidases, thus limiting to a large extent oral, subcutaneous or intravenous administration. In addition, they cannot cross the blood-brain barrier, which impedes severely the treatment of central nervous system (CNS) disorders. It should be also noted that systemic administration may provoke adverse side effects (i.e. injection site reactions, cough, asthenia, nausea, anorexia, weight loss) that worsen the situation of the patients, as has been illustrated by injecting recombinant human ciliary neurotrophic factor in patients affected of amyotrophic lateral sclerosis [3, 4] .
To overcome these problems, diverse strategies have been considered. Intracranial injection of NFs allows them to reach directly specific brain areas. However, studies that used this aggressive, uncommon method to treat Alzheimer's disease patients have reported uncertain results [5, 6] . In contrast, the local implantation of polymer-encapsulated cells genetically modified to produce and secrete NFs minimises the incidence of negative immune reactions, and makes possible a continuous delivery of the therapeutic agent [7, 8] . Likewise, injection into the affected area of recombinant adenoviruses that encodes for NFs also provides a local and constant delivery system, although strong inflammatory reactions can be expected [9, 10] . At present, these gene therapies, already tested in experimental models of neurodegenerative disorders, need further improvements to gain in applicability and reduced costs. An additional strategy to transport NFs into the CNS consists of fusing the therapeutic agent with a transferrin receptor antibody, thus forming a conjugate capable of crossing the blood-brain barrier [11] . Finally, small peptide sequences that contain the active site of NFs should be able to mimic their biological actions, and solve many of the difficulties resulting from the use of protein macromolecules [12, 13] . However, these techniques are still at a basic research level.
Non-peptide neurotrophic factor analogues
The synthesis or isolation from biological specimens of non-peptide organic compounds is emerging as a novel and promising approach in the treatment of neurodegenerative disorders. These substances, that either stimulate NF production or act directly on neurons to promote survival and/or neurite outgrowth, present a number of advantageous properties. In principle, they are low-molecular weight compounds that can be chemically manipulated to cross the blood-brain barrier, and to ameliorate their tolerance and pharmacokinetic parameters. In addition, large-scale production technologies may be applied. Over the last decade, diverse studies have reported the neurotrophic activity of numerous nonpeptide molecules in vitro (Fig. 1) . In some cases, they have also been tested in animal models of neurodegeneration, and in clinical trials. We will expose now the major results in this field.
A first group of substances possessing a direct neuritogenic action were originally isolated from microbial extracts. Thus, lactacystin, a sulphur-containing γ-lactam from Streptomyces sp. OM6519 [14] , and PS-990, a metabolite of Acremonium sp. KY12702 [15] , induce neurite sprouting in mouse neuroblastoma Neuro 2A cells. Moreover, epolactaene, an epoxide-containing γ-lactam from Penicillium sp. BM1689P, stimulates neuritogenesis in human neuroblastoma SH-SY5Y cells [16] . Interestingly, recent studies have suggested that the differentiating neuritogenic effect elicited by these compounds could result from their ability to prevent cell cycle progression, through as yet unclear mechanisms that include inhibition of either the multicatalytic protease complex proteasome [17] or DNA replication enzymes [18] . Plants commonly used in traditional medicine constitute another source of molecules with NF-like activity. Examples of these substances inducing neurite extension in primary cultures of foetal rat neurons are caryolanemagnolol, a sesquiterpene neolignan from the bark Magnolia obovata [19] , and S-allyl-L-cysteine, an organosulphur compound with a thioallyl group from the garlic Allium sativum [20] . Finally, Triap (1,1,3-tricyano-2-amino-1-propene), a small molecule largely studied in the past, stimulates survival of sympathetic ganglion neurons of chick embryos, and neurite outgrowth in rat pheochromocytoma PC12 cells [21] . In vivo, Triap promotes the differentiation of cholinergic neurons after systemic administration [22] . At present, little is known about the mechanisms of action of all these compounds, and in particular further efforts must be done to evaluate their specific actions and toxic side effects under pathological conditions. Astroglial cells participate actively in the homeostasis and neuronal plasticity of the CNS, by maintaining an appropriate extracellular medium, and producing a series of metabolic precursors, immunological mediators and NFs. Thus, substances that induce the synthesis and release of endogenous NFs by astroglial cells may present a valuable therapeutic potential. In this respect, the non-peptide compound SR57746A [1-[2-beta-naphthylethyl]-4-(3-trifluoromethylphenyl)-1,2,5,6-tetrahydropyridine hydrochloride] has been shown to exhibit both NF-like and NF-releasing properties. On the one hand, SR57746A stimulates, by itself or through potentiation of NGF activity, neuritogenesis and/or survival in several cell culture systems [23] [24] [25] . On the other hand, it increases NGF mRNA and protein contents in astrocytoma cells [26] , and cultured astrocytes from neonatal rat cortex [27] . In vivo, SR57746A, either orally administered or injected, has demonstrated protective effects in a variety of experimental models of neurodegenerative disorders, such as transient global ischaemia, vincristine-induced septohippocampal lesion, sciatic nerve crushing, acrylamide-induced neuropathy [28] , β-amyloid pepdide-induced memory deficit [29] , progressive motor neuropathy [30] , and motor neurone axotomy [31] . 4-Methylcatechol, a non-amine catechol analogue, has also been shown to induce the synthesis and secretion of NGF in mouse astroglial cells [32] , and to protect neurons against experimental injury [33] [34] [35] [36] [37] .
Alzheimer's disease, the main cause of senile dementia, is a neurological disorder characterised by the presence of β-amyloid pepdide-containing plaques in specific brain areas, and the degeneration of cholinergic neurons, which are thought to be responsible for cognitive impairments [38] . Because early studies suggested that NGF may ameliorate this cholinergic dysfunction [39, 40] , the use of NGF stimulators as potential therapeutic agents constitute a very valuable strategy in the treatment of Alzheimer's disease. In this respect, two organic compounds, the coenzyme Q analogue idebenone [2,3-dimethoxy-5-methyl-6-(10-hydroxydecyl)-1,4-benzoquinone], and the alkylated xanthine derivative propentofylline [1-(5'-oxohexyl)-3-methyl-7-propylxanthine] have been the focus of basic and clinical research. These substances induce the synthesis and secretion of NGF in cultured mouse astroglial cells [41, 42] , and numerous studies have reported their protective effects in experimentallyinduced neurodegenerative disorders [43] [44] [45] . Specifically, both idebenone [46] and propentofylline [47] ameliorate learning and memory deficits provoked by β-amyloid pepdides. In addition, their ability to improve cognitive impairments, and delay the progression of Alzheimer's disease has been evaluated in a number of clinical trials with promising results [48] [49] [50] . At present, however, growing evidence supports additional neuroprotective mechanisms distinct from stimulation of NGF synthesis and release. These mechanisms include inhibitioin of adenosine uptake by propentofylline [51] , and a remarkable antioxidant activity of both molecules [52, 53] 
Long-chain fatty alcohols
The curative capacity of plants is known for centuries, and people over the world uses commonly many of them for the treatment of diverse illnesses. Nowadays, research laboratories and pharmaceutical industries make continuous efforts to characterise novel vegetable substances of pharmacological application. Our early interest in this field led us to the search for non-peptide NF analogues in plants reported to heal wounds. Interestingly, the process of cutaneous wound healing requires the participation of a variety of growth factors that contribute actively to the repair and remodeling of the injured tissue [61] . In particular, NGF has been shown to be locally released in response to skin injury, and its topical application accelerates the rate of wound healing in both normal and diabetic mice [62] . Thus, one can expect that the ability of certain plants to cure wounds may reside in the existence of compounds with NF-like effects.
In 1987, we reported the in vitro neuritogenic activity of long-chain fatty alcohols isolated from the tropical plant Hygrophila erecta Hochr. (Acanthaceae), which is used in Vietnam and India to treat wounds. Among these alcohols, n-hexacosanol ( Fig. 2; 1) , containing 26 carbon atoms, was the most potent in inducing neuronal maturation. In contrast, n-tetracosanol and n-triacontanol were not effective, while n-octacosanol presented a slight effect. Similarly, saturated fatty acids were ten times less potent than the corresponding alcohols, thus supporting the specificity of the molecular structure in determining the biological activity [63] . In vivo, n-hexacosanol has been shown to promote the survival of cholinergic neurons after fimbria-fornix transection [64] , and to reduce kainic acidinduced hippocampal damage [65] . Although these findings predict a potential use of n-hexacosanol as a therapeutic agent, an important limitation must be taken into account. Due to its highly lipophilic nature, nhexacosanol is hardly soluble in both aqueous and organic solvents, which brings about considerable technical and biological difficulties.
In an attempt to improve the physicochemical properties of n-hexacosanol, we undertook the synthesis of new molecules that, resembling the structure of long-chain fatty alcohols, could manifest a neurotrophic activity. Because vitamin A (or retinol; Fig. 2; 2) , which is involved in visual function, cell morphogenesis, differentiation and proliferation [66] , bears a long-chain fatty alcohol in its structure, we used this molecule as starting-point for developing a series of compounds with longer, saturated hydrocarbon chains. These elongated analogues of perhydroretinol ( Fig. 2; 3-7) have been proved to exhibit NF-like activity in different experimental paradigms. In vitro, 3, 4 and 5 promote the survival of cultured CNS neurons, and, in addition, 4 and 5 stimulate the proliferation of newborn rat astrocytes. In vivo, intraperitoneal administration of 3 and 4 reduce memory deficits provoked by lesion of the basal magnocellular nucleus. From a structural point of view, configuration studies revealed that the four diastereomers 7a, 7b, 7c and 7d present a similar neurite outgrowth-stimulating effect. Moreover, removal of the asymmetric methyl groups in the hydrocarbon chain showed that nonmethylated perhydroretinols are as active as their methylated counterparts, which strongly suggests that the presence of methyl groups is not essential for the biological activity [67] [68] [69] .
Cyclohexenonic long-chain fatty alcohols
Synthesis of cyclohexenonic long-chain fatty alcohols
From our findings on the neurotrophic action of perhydroretinol analogues, we considered the possibility of modifying the cyclohexene ring in order to evaluate structure/activity relationships, and further improve the efficiency of the molecules. Thus, a series of novel, neurotrophic compounds, known as cyclohexenonic long-chain fatty alcohols (CFAs; Fig. 3 ), were synthesised. These CFAs contain basically a cyclohexenonic ring, and an ω-alkanol side chain ranging from 10 to 18 carbon atoms ( Fig. 3; 8) . In addition, the cyclic moiety may present one (2m-or 4m-CFA; Fig. 3 ; 9 and 10, respectively), two (dm-CFA; Fig. 3; 11) , or three (t-CFA; Fig. 3; 12) methyl groups. The synthesis of the CFA series 8, 9, 10 and 11 was accomplished using the Umpolung strategy, which allows the inversion of the polarity in the cyclohexenone ring to introduce the hydrocarbon side chain by nucleophilic displacement (Fig. 4) [70, 71] . The synthesis of t-CFAs [3-(ω-hydroxy-alkyl)-2,4,4-trimethyl-2-cyclohexen-1-one; 12], according to the retrosynthetic analysis shown in Fig. 5 , was carried out in seven steps from commercially available geranylbromide 13 (see Section 5 for details) [72] . Briefly, 13 reacted with benzenesulfinic acid sodium salt in methanol medium to give the corresponding geranylphenylsulfone 14, which was cyclised as described by Krischna et al. [73] and Torii et al. [74] to afford a mixture of 15 and 16 (85/15) in 90% yield (Fig. 6 ). These two isomers were separated by successive recrystallizations in hexane, and the desired 15 was obtained in 74% yield with a purity over 99%. Using a one-pot procedure, and n-butyllithium in the presence of hexamethylphosphoramide (HMPA), 15 was coupled with the unprotected ω-bromoalkanol to give 17 (79-88%). After reductive desulfonation by means of 6% Na/Hg amalgam [75] (88-93%), the resulting alcohol 18 was protected by an acetate to give 19 (97-98%), which was oxidized to the corresponding α,β-unsaturated ketone 20 (Fig. 7) . 
Biological activity of cyclohexenonic long-chain fatty alcohols
The neurotrophic action of the synthesised CFAs is first assessed by in vitro studies that serve as a means to evaluate their potential, and to establish the most appropriate structure/activity relationships. To this aim, and based on previous findings [78], we developed a low-density primary culture that uses neurons from foetal rat cerebral hemispheres, and allows analysis of both neuronal survival and neurite outgrowth. Fig. 8 illustrates an example of the protective action of two CFAs, 4m-CFA (n=14) and t-CFA (n=15), on the survival of cultured CNS neurons. Figure 8 . Effect of 4m-CFA (n=14), and t-CFA (n=15) on the survival of cultured CNS neurons. Substances were tested at 100 nM. The data represent means ± SE of three independent experiments. *p<0.05 vs Control; one-way ANOVA, followed by Student-Newman-Keuls test. Concerning neuritogenesis, important considerations must be taken into account that support the existence of specificity in the stimulation of neurite sprouting by different CFAs. Thus, comparative studies on the neuritogenic effect elicited by the series of compounds 8, 9, 10, and 11 (Table 2) revealed that monomethylated CFAs with 13 or 14 carbon atoms in the aliphatic side chain were the most potent molecules, while non-methylated CFAs provoked toxicity. Similarly, in the series of tCFAs (12), the hydrocarbon chains n=14 and n=15 seem to be the most active (Fig. 9) . It is noteworthy that other studies dealing with the neurotrophic potential of non-peptide compounds have postulated that aliphatic side chains may potentiate both NF-like [79] and 54, 80] activities. At present, the intracellular mechanisms underlying these structure requirements are still unknown, and further investigation is needed. Besides, the in vitro actions of CFAs provides evidence for their utilisation as neurotrophic factors in vivo, and suggest possible applications in the treatment of neurological disorders. Our preliminary findings on in vivo administration of CFAs in a transgenic mouse model of amyotrophic lateral sclerosis [81, 82] have shown that treated animals respond more rapidly to behavioural tasks (Fig. 10) . New experiments are currently in progress. Figure 9 . Effect of t-CFAs on neurite outgrowth. Six t-CFAs bearing an aliphatic side chain that ranged from 12 to 18 carbon atoms were tested at 100 nM. After morphometric analysis, neurons were divided into three categories according to their total neurite length (Type 1 µm; Type 2 101-200 µm; Type 3 201-300 µm). Note that t-CFA (n=14) and (n=15) are the most potent molecules in stimulating neurite sprouting. The data correspond to two pooled independent experiments (50-70 cells / experiment). Table 2 . Structure/activity relationships of the CFA series 8, 9, 10, and 11 according to their neuritogenic effect in cultured CNS neurons. Figure 10 . Effect of 4m-CFA (n=14) (A), and t-CFA (n=15) (B) on the ability of mice to perform an exercise. The mice used in these experiments overexpress a mutant Cu/Zn superoxide dismutase gene associated with the neurodegenerative disease amyotrophic lateral sclerosis. The task consisted in determining the time (in seconds) necessary to cross a metallic bar of 45 cm long. Substances were injected intraperitoneally at 8 mg/kg 4m-CFA (n=14) or 32 mg/kg t-CFA (n=15) three times per week during 50-60 days, and meaurements were taken at days indicated in the abscissas before disease onset and death of the animals through motor paralysis. Note that treated mice (filled circles in both graphs) are more active than control animals. *p<0.05, ***p<0.001 vs corresponding control; one-way ANOVA, followed by Student-Newman-Keuls test. 
Conclusions
In summary, the findings presented herein provide strong evidence that cyclohexenonic long-chain fatty alcohols exhibit a very promosing NF-like activity, thus establishing the basis for future investigations. Further research by testing this neurotrophic potential in experimental and transgenic models of neurodegenerative diseases is currently in progress, in order to evaluate possible therapeutic effects.
Experimental section: synthesis of t-CFAs
Materials and Methods
Tetrahydrofuran (THF) was distilled from sodium/benzophenone under argon atmosphere prior to use. Methanol, pyridine, benzene and HMPA were distilled from calcium hydride. All reactions involving moisture-sensitive reactants were executed under argon atmosphere using oven-and/or flame-dried glassware. . GC chromatograms were obtained by dissolving the sample in ethyl acetate using a Carlo-Erba apparatus. Microanalyses were performed by the Service Central de Microanalyse du CNRS (Strasbourg). Routine chromatography monitoring of reactions was performed using 60F 254 silica gel TLC plates, which were dipped in a solution of vanillin (1 g) in EtOH/H 2 SO 4 (95/5), and heated on a hot plate. 1-(12-hydroxydodecyl-1-phenylsulfonyl)-2,6,6-trimethyl-1-cyclohexene To a solution containing sulfone 15 (1 g, 3.5 mmol, 2 eq.), and 4 mg triphenylmethane in dry THF (8 mL) was added n-butyllithium (4 mL, 1.4 M in hexane, 3 eq.). After stirring for 10 min at -78°C under argon atmosphere, the mixture was further stirred at room temperature. Then, HMPA (1.5 mL) was added, and after 90 min at room temperature, the mixture was recooled at -78°C. 11-Bromoundecanol (439 mg, 1.75 mmol, 1 eq.) was added slowly, and the mixture was stirred for 180 min at -20°C. After pouring into saturated NH 4 Cl (40 mL), the solution was extracted with ether. The organic layer was then washed with brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by silica-gel chromatography, and eluted with hexane-AcOEt (8-2 to 1-(12-hydroxydodecyl)-2,6,6-trimethyl-1-cyclohexene To a solution of 17 (n=12) (579 mg, 1.29 mmol, 1 eq.) in dry methanol (25 mL) was added Na 2 HPO 4 (366 mg, 2 eq.), and mercury-sodium amalgam (6% Na, 4 g) at 0°C under argon atmosphere. The heterogeneous mixture was stirred for 240 min at room temperature, and then quenched with 1N HCl. After extraction with ether (3 times), the solution was washed with saturated NaHCO 3 , dried with MgSO 4 , and concentrated in vacuo. The residue was purified by silica-gel chromatography, and eluted with hexane-AcOEt (8-2-) to give 18 (n=12) as a colorless oil (350 mg, 88% 
Synthesis of
Synthesis of 1-(12-acetoxydodecyl)-2,6,6-trimethyl-1-cyclohexene
To a solution of 18 (n=12) (316 mg, 1.026 mmol) was added acetic anhydride (7 mL), and pyridine (7 mL). The mixture was stirred for 60 min at room temperature, and quenched with 5% HCl. 
Synthesis of 3-(12-acetoxydodecyl)-2,4,4-trimethyl-2-cyclohexen-1-one
To a solution containing 19 (n=12) (321 mg, 0.92 mmol, 1 eq.) in cyclohexane (6 mL) was added water (0.8 mL), ruthenium trichloride hydrate (1.3 mg, 0.7% mol), and 70% t-BuOOH (1.26 mL, 10 eq.). The solution was stirred for 360 min at room temperature, filtered through a pad of Celite, and poured into 10% Na 2 SO 3 . The solution was then extracted with ether, washed with brine, dried with MgSO 4 , and concentrated in vacuo. The residue was purified by silica-gel chromatography, and eluted with hexane-AcOEt (95-15 to 90-10) to give 20 (n=12) as a colorless oil (227 mg, 53%). TLC: (hexane-AcOEt: 7-3) Rf=0.50; GC: 40-280°C (20°C/min) 12.2 min, 99%; 1 H-NMR (200 MHz), δ: 
